2. A novel ion source is being perfected that evidently has the appropriate characteristics and seems to involve less complicated plasma physics than the duoplasmatron and reflex arc discharges that are customarily used.
The aim is to extend the ion current to tens of amperes at reasonable energies without sacrificing the quality of the beam. Clearly this requires large-area plasma sources of adequate density coupled with multiple-aperture extraction structures. The results of this effort so far have been very encouraging.
For instance, we have recently tested the performance of a 7 em x 7 em, 60% transparent ion extractor consisting of three electrodes in an accel-decel configuration. In each electrode is an array of 21 slots, the shapes of which have been computer-optimized for low-divergence beam production. The apparatus is designed to accelerate deuterium ions to 20 keV in 20 msec pulses and to convert them to an intense neutral beam is a closely coupled gas cell. No additional beam focusing is used. Operation with deuterium in the range 7·5 to 20.keV is about as predicted from calculations. At 20 keV, of the approximately 15 A of ion current extracted fromthe source, 12.4 A equivalent current (about 85% neutrals) were delivered to a 20 em x 40 em rectangular calorimeter 3.3 m from the source. The central 10 em x 20 em area of this calorimeter, which subtended an angle of ± 0.9 x ± 1.8 degrees from the cent;er of the source, received 8.6 A equivalent current. Measurements of the various charged components remaining in the beam at the calorimeter indicated that the extracted ion beam consisted of about 75% n+, 18% D +, and 7% D +. The source is also designed to permit rapid mod~ation of th~ energy and intensity of the beam. -2- The plasma which is used to illuminate the extractor structure is produced by a pulsed (30 msec) low-pressure highcurrent discharge between a ring of 20 half-millimeter diameter hot tungsten filaments and an annular anode. No externally applied magnetic fields are required. The elimination of magnetic fields results in a very stable and quiescent plasma with fluctuations less than 1%. When operating with an arc current near 1000 A this discharge can generate a deuterium ion current density in excess of 0.5 A/cm2. Probe and extracted current measurements indicate that the plasma is uniform to better than 10% over a 10-cm diameter. The system is pulsed to avoid overheating of the extractor grid structure and to reduce the total gas load entering the confinement system through the beam line. Extension to even larger sources and to de operation seems relatively straightforward. Some future improvement in efficiency and in the beam quality presently achieved seems also quite probable. The theoretical consideration underlying this source design will be discussed.
INTRODUCTION
Many controlled thermonuclear fusion experiments require the production of intense beams of neutral hydrogen or deuterium atoms to generate, maintain, or heat a confined plasma. For instance, in the 2X II Experiment at the Lawrence Livermore Laboratory, a flux of deuterium atoms equivalent to at least 10 A with 20 keV energy/particle is needed if an interesting plasma is to be maintained in a steady state.
Similar figures apply to Tokamaks and Stellarators. It is clear that space-charge limitations restrict ion flows through single apertures at this energy to much lower currents, so that the design of such an injector must involve a large number of parallel beams. It is convenient to use an integrated extractor structure carrying many closely spaced apertures (i.e., a grid) backed by a single extended plasma source in which the ions are produced. Such "multiple-aperture" systems have been used before for ion-propulsion engines 1 and for other intense . be 2 J.on ams.
We describe here the large beam source, developed at \ r ,.
-3-Berkeley, in which a special effort was made to minimize the beam divergence, eliminating the need for magnetic focusing and thus permitting the possibility of prompt neutralization. The system consists of two major components: the extractor and the plasma source.
THE EXTRACTOR Design
The extractor was designed with the aid of a digital computer program3'4 which determines the trajectories of particles from an emitting surface through a set of electrodes, taking into account the space charge of the beam. The iterative design procedure, described elsewhere, 5 was carried out until the current density over the emitting plasma surface was constant to better than ±5% and the ion trajectories at the exit of the extractor were parallel, typically within ±l degree. In th~ program, only the beam's space charge is considered, the downstream plasma surface has been assumed to be flat, and the ions are assumed to start from rest. This program bas now been coupled with PISA, a general-purpose least-sq'l,lares optimization program 6 which varies the shapes of the emitting surface and of the beam-forming electrode to achieve uniform ion current density at the emitting surface and parallel beams.
The extractor is a multiple-aperture accel-decel design employing slots; a cross section of a single slot, with calculated equipotentials and ion trajectories is shown in Fig. 1 . There are 21 slots in the beam-forming electrode, each 2 mm wide and 7 em long, spaced 3·3 mm center-to-center, filling a square array 7 em on a side. Slots rather than circular holes were chosen for the following reasons: (1) the transparency is higher, by about 50%, (2) the ion current density at We are planning further experimental optimization of this extractor for producing variable energy beams, and are beginning to test another slot design computer-optimized by PISA for operation at a single energy.
Computer studies have been extremely useful in extractor design, but there remains room for further improvement. For instance, the computed perveances agree very well with the measured ones, but the measured beam divergences are consistently larger than those computed; more work will be required to understand and correct this discrepancy.
-8-
THE PlASMA SOURCE
Up to this point we have only discussed the design considerations for the extractor and the properties of the resulting beam, including the effect of charge-neutralization in the beam-line. It was tacitly assumed that the plasma source from which the ions were extracted was capable of supplying an ion current of sufficient density uniformly over the entire area of the large multiple-aperture structure, i.e., of the order of 0.5 A/cm 2 constant in space and time to better than 10% covering an area of at least 7 em x 7 em and involving a minimum of magnetic field. Conventional discharges were found to be inadequate so that a novel source had to be developed.
The plasma source which we describe here and which meets the above specifications will be recognized as an improved design of an earlier model reported on previously.
8 The basic principle is the same so that the underlying philosophy will only be summarized here: The plasma is produced by a diffuse low-pressure high-current discharge with a distributed, thermionically emitting cathode consisting of a ring of hot tungsten filaments. No magnetic field is added, so that the usual fluctuations associated with cross-field transport are avoided. In essence, we are dealing with a very powerful version of the so-called "electron-bombardment source", i.e., the ionization is produced entirely by the primary electrons originating at the cathode.
The mean free path of these primaries is large compared to the dimensions of the discharge chamber. The efficiency of the source is therefore governed by the probability that such an electron produces an ion before it is either lost at a surface or reduced in energy by non-
.. Two filament-design considerations should be noted. First, the large radiant heat load from tungsten filaments not only aggravates general cooling requirements, but can warp the delicate and accurately . machined extractor structures (No. 7 in Fig. 6 ). However, electron emission increases more rapidly with filament temperature than does radiant emission, thus small but very hot filaments are desired. In addition, as the heater current is pulsed, the temperature equilibration time for small filaments is less ("' 1 sec for this unit) • 8
In our initial sources, the gas was pulsed through a small cylindrical anode. Overall arc efficiency was fairly good for this style of anode. Unfortunately, the plasma density profile was peaked at r = 0, and this effect became more pronounced as the arc current The pulse timing sequence is as follows: Filament on at -1 sec, gas pulsed on at t = -10 msec, arc power on at t = 0, extractor voltage pulsed on at t +5 msee, and off at t = +25 msec; arc power, gas, and filament power off at t = +30 msec.
Arc voltages vary from about 25 to 70 V, depending largely on the level of arc current, the filament heat, and the gas flow.
RESULTS AND DISCUSSION
Figure 7 is a plot of the arc current, arc voltage, and the ion
.,] u u "C~ l l.' cj -11-current. density vs the level to which the arc pulse line is charged.
In this case, in which the arc was operated with hydrogen, the source parameters of filament temperature and gas feed were adjusted at the .1000-A level and not changed as the charging voltage was reduced. At any one operating level the _ _ arc voltage can be increased by either the gas flow or the filament heat. In general the arc voltage is maintained at a maximum of 45 to 50 V, as the source is less apt to develop a cathode spot. Cathode spots, which seem to be caused by gas bursts resulting from sparking in the source or accelerating struc.ture, appear when the arc current attempts to constrict to a spot on a single filament rather than coming uniformly from all filaments. A fault of this type produces extremely "hashy" operation and often results in the loss of a filament. Figure 8 is a plot of the plasma density profile for two levels of operation, as indicated by the movable probes {No. 6 in Fig. 6 ).
Although this source was designed for a square 7 x 7 em grid, it can be seen that a larger extraction area could be utilized, as the profile here is flat to ±6% to a diameter of 12 ern. The lo~ations of the filament ring and the .anode wall are also indicated in Fig. 8 , demonstrating that nearly the entire source diameter is available for extraction.
With large·ion-extraction areas, good gas efficiency is required, as there is little structure separating the gas pressure required by · the source from the high voltages on the extraction electrodes. Gas flow measurements compared with the extracted ion output indicate a gas efficiency of about 30%. In this case, gas not utilized by the -12-source is used downstream in a charge neutralizer section, from which we get a neutralizing efficiency iq excess of 80%.
A larger unit, with an 8-in.-diameter filament ring has been constructed. This will allow an extraction area approximately 2.5 times as large as the present unit. Preliminary indications are that it will require 2.5 times as much arc current to obtain equal density, but the ion current density profile will be similar to that in the present unit. . u
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